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Introduct ion 

I r r a d i a t i o n  of semiconductors with high energy r ad ia t ion ,  neutrons,  

gamma rays ,  and f a s t  e l ec t rons ,  introduce vacancies  and i n t e r s t i t i a l s  

t hq t  d i f f u s e  through t h e  l a t t i c e  and assoc ia t e  with impur i t ies  o r  o ther  

d e f e c t s  t o  form complex de fec t  cen ters ,  The na tu re  of t he  de fec t  centers 

depends upon t h e  concentrat ion of oxygen, t h e  concentrat ion and type of 

dopant, and t h e  temperature of the i r r a d i a t i o n ,  The work ca r r i ed  out  under 

t h i s  grant  is  intended t o  provide information about t he  microscopic 

naCure of t he  de fec t s ,  t he  nature  of t h e  de fec t  i n t e r a c t i o n  with t h e  

la t t ice ,  and t h e  pos i t i on  of the  energy l e v e l s  associated with t h e  

va r ious  de fec t s .  Two techniques have been used i n  these  inves t iga t ions .  

The f i r s t  considers  t h e  na tu re  of t h e  luminescence r e s u l t i n g  from 

recombination of a f r e e  minority carrier with a majori ty  c a r r i e r  bound 

a t  the  de fec t ,  The second considers t h e  e f f e c t s  of i r r a d i a t i o n  upon 

t h e  conduction of highly doped material, 

cont r ibu ted  s i j p i f  i c a n t l y  t o  a b e t t e r  understanding of these  conduction 

processes  

Recombinat ion  Luminescence 

The l a t t e r  technique has 

Extensive measurements of t h e  recombination luminescence of samples 

maintained near l i q u i d  helium temperature have been completed on a 

v a r i e t y  of n- and p-type s i l i c o n  samples having a considerable  v a r i a t i o n  

in-oxygen content ,  

neutrons,  Roentgen of Co60 is  t h e  same 

f o r  both n- and p-type material, but  t h e  i n t e n s i t y  i s  g rea t e r  i n  the  p- 

t ype  material. 

Samples were i r r a d i a t e d  with gamma rays  and with f a s t  

8 The spectrum observed after 10 
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The spectrum of luminescence of i r r a d i a t e d  Czochralski s i l i c o n ,  

both n- and p-type, cons i s t s  of two sub-spectra with the  most in tense  

peaks located a t  0,7905 and 0,9707 e V ,  

energy s i d e  of t he  0,9707 e V  peak is  near ly  r ep l i ca t ed  on the  peak a t  

The s t r u c t u r e  found on the  low 

0.7905 e V ,  This s t r u c t u r e  appears t o  r e s u l t  from recombination with 

t h e  assistance of phonons, t he  energies  corresponding t o  phonons a t  

the  boundaries of t he  Br i l l ou in  zonea 

The p a t t e r n  a t  low energy, with a zero phonon l i n e  occurr ing a t  

0,7905 e V ,  is  found only i n  Czochralski s i l i c o n  inddeating t h a t  t h e  
4 

defec t  respons ib le  f o r  t h i s  luminescence is depressed i n  samples having 

a low oxygen content ,  

The zero phonon l i n e s  have been measured with as high a resolu- 

t i o n  as is  possible,, The width decreases with decreasing temperature, 

The narrow l i n e  a t  0,7905 e V  was found t o  be 0,0006 e V  when measured 

wi th  an instrumental  r e so lu t ion  of 0,0003 e V ,  For a sample tempera- 

t u r e  of 7 K, as measured f o r  t h i s  experimental set-up, kT is e s s e n t i a l l y  0 

t h e  same as t h e  l i n e  width, ind ica t ing  t h a t  t h i s  width r e s u l t s  from t h e  

thermal population of t he  c a r r i e r s  i n  the band, This r e s u l t  s t rongly  

supports  t he  suggestion t h a t  the  luminescence arises from the  recombina- 

t i o n  of a f r e e  hole  with a bound e l ec t ron ,  

A por t ion  of t he  results of t h i s  experiment were reported a t  t h e  

In t e rna t iona l  Conference on t h e  Physics of Semiconductors, Tokyo, Japan, 

i n  September, 1966, A p rep r in t  of t h a t  paper is at tached t o  t h i s  

r e p o r t ,  A copy of an a b s t r a c t  t o  be presented a t  t he  American Physical  

Society a t  Chicago i n  March, 1967, on t h i s  t op ic  i s  a l s o  at tached,  M r ,  
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Robert Spry has  completed t h e  taking of a l l  t h e  d a t a  t h a t  he w i l l  need 

f o r  h i s  Ph.D. t h e s i s .  

mitted i n  t h e  next few weeks,, 

This is now being wr i t t en  up and w i l l  be sub- 

Tunneling Between a Semiconductor and a Superconductor 

Work has continued i n  t h e  pas t  s i x  months on t h e  problem of 

measuring t h e  impurity band dens i ty  of s t a t e s  i n  nearLdegenera te  semi- 

cortductors by tunnel ing  from a metal. 

s h i f t e d  from germanium t o  s i l i c o n  as a r e s u l t  of t he  work of Conley, 

Duke, Mahan and Tiemann 

Emphasis i n  t h i s  e f f o r t  has  been 

1 on degenerate antimony doped germanium, i n  which 

tunnel ing  was olberved through the  Schottky b a r r i e r  under an indium 

metal contac t .  Their  r e s u l t s  i nd ica t e  t h a t  t h e  su r face  b a r r i e r  i n  

germanium i s  s u f f i c i e n t l y  t h i c k  a t  t h e  doping l e v e l  of impurity band 

formation, near  lo1' cma3, t h a t  t h e  tunnel  cu r ren t  is  too  small t o  

measure. 

corresponding t o  t h e  onset  of impurity band conduction because t h e  

corresponding boron concentrat ion i s  about 10 l9 cm33r o r  a f a c t o r  100 

g r e a t e r  than i n  germanium. 

The b a r r i e r  l aye r  is th inne r  i n  p-type s i l i c o n  a t  t h e  doping 

6 The use of an indium metal po in t  i n  the  po in t  contact  tunnel ing 

apparatus  has been inves t iga ted .  

indium wire by use of a modified microtome, 

A c lean  one micron po in t  i s  cu t  on 

The contac t  diameter can be 

con t ro l l ed  i n  the  range of 5 t o  20 microns by ad jus t ing  the  appl ied  

f o r c e  t o  t h e  po in t  i n  t h e  range 1 t o  100 mill igrams, 

t h a t  t h e  so f tnes s  of t h e  indium even a t  cryogenic temperatures allows 

one t o  make a contac t  with pressures  l e s s  than 1 Kg/mm 

I t  is  bel ieved 

2 The e l e c t r o n i c  

equipment assoc ia ted  with the  tunnel ing experjment has been improved by 
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t h e  design of a noise-free t r ans i s to r i zed  vo l t age  sweep with low output 

impedance., Helmholtz c o i l s  have been incorporated i n t o  t h e  Dewar  

containing the  poin t  contac t  tunnel ing apparatus,  The poin t  contac t  

apparatus  has  been modified t o  permit observat ion of t h e  sample and 

po in t  contac t  i n  t h e  l i q u i d  helium through a binocular  microscope as 

t h e  experiments are c a r r i e d  out ,  

Although reproducible  results have been obtained with the  po in t  

e l ec t rode  technique, considerable  success  has a l s o  been found with samples 

made from an al loyed indium contact  o r  s i l i c o n ,  A systematic  study of 

samples of var ious  resist ivit ies is now underway us ing  an indium contact., 

Considerable e f f o r t  was expended dur ing  t h e  p a s t  s i x  months 

on producing tunnel ing samples of s i l i c o n  with l ead  as the  superconductor, 

The s i l i c o n  w a s  cleaned, oxidized a known amount, and then coated with an 

evaporated l aye r  of lead ,  Although considerable  d i f f i c u l t y  w a s  exper- 

ienced i n  obta in ing  reproducible  r e s u l t s  with t h i s  technique, several 

samples demonstrated i n t e r e s t i n g  anomalies a t  zero  vo l t age  i n  the  I vs V 

p l o t s .  

f avor  of t h e  u s e  of indium as a contac t ,  

Minority Carrier Lifet imes i n  I r r a d i a t e d  Materials 

2 These p a r t i c u l a r  prepara t ion  techniques have been abandoned i n  

Attached are p r e p r i n t s  of a paper presented a t  the  I n t e r n a t i o n a l  

Conference on t h e  Physics of Semiconductors, Tokyo, Japan i n  September, 

1966 on t h i s  topic,, The remainder of t h e  material on t h i s  sub jec t  t h a t  

formed t h e  Ph,D, t h e s i s  of D r ,  Ralph Hewes  is being prepared f o r  publi-  

ca t ion ,  
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Thermal S t a b i l i t y  of I r r a d i a t i o n  Induced Defects 

Attached are r e p r i n t s  of a paper e n t i t l e d  "Annealing of Neutron- 

Irradiation-Induced Changes i n  Impurity Conduction i n  Antimony-Doped 

Germanium" t h a t  appeared i n  t h e  Proceedings of t h e  In t e rna t iona l  Confer- 

ence on the  Physics of Semiconductors, 

Personne 1 

D r ,  E, Lo Wolf, M r .  Ralph Hewes ,  M r .  Robert Spry, M r ,  Colin Jones 

and Mr, Eric Johnson were employed f o r  a l l  or  p a r t  of t h e  t i m e  during the  

p a s t  six months, 
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* 
kmrinaoCoaca in Irradiated N-type Czochralski S l l i c o n  

Roberr James Spry oad W. Dale Cuuptcm 

Uafvorsitnt of I&inois 

RecmbiaotLoa luminerceaco of oprically excited alocttoo-bolo 

pairs boo been oeen codo garrpnr ray- and ueutron-irradiated n-type 

CaochralrkL silicon. The obrarvatfoar ac l i q u i d  nitrogen tenpereture 
1 previowly reported have been Bxtexadad co l iquid  h a l i u ~  temperature 

wheze the greater IWntss~eaE intensicy malseo It poooible t o  carry our 

tho maisurOnlgntu at higher moolutioa. ltro rtmilar cumpler l d n n a -  

cmce pattenu are seen in both neutron oad patma trrrdistrd matarlal, 

w i t h  many of tho daroflr of tbs higb energy complex rcaplicrtcrd at  

lower energy vith a PaiOorm energy rep~rotfou of 0,180 oV. &apeciafly 

intense bclnd8 having themally broadeued l h ~ i d t h 8  appear at 0,971 UV 

and 0,791 eV, These azo thought fa  bo cawed by phononlers rec-ha- 

tton between f rm h ~ l w  rrrd aloctronc la the grovPd rtste8 of Wo 

differeat defects, 

ufnfanaa. lzbe laao 

cowcad by tba a- 

* 
work silpporfsd i z a  

G r l n r  I& 228-62. 

J, Spry, Bull. 

0,194 oV a d  0,374 eV below the conduction bsPa 

intense baa& of both patkaral) axe thought to be 

uiecbsaielp b w  with the d r s i o n  of various phoowu, 
t r. 

part by Xastonal Aetcmautico and Space Administration 

. /  

(47.3) 

.. . . 


